Natural cork enclosures, due to their cell structure, composition, and low moisture are fairly transparent to terahertz (THz) and millimeter waves enabling nondestructive evaluation of the cork's surface and interior. It is shown that the attenuation coefficient of the defect-free cork can be modeled with a Mie scattering model in the weakly scattering limit. Contrast in the THz images is a result of enhanced scattering of THz radiation by defects or voids as well as variations in the cork cell structure. The presence of voids, defects, and changes in grain structure can be determined with roughly 100-300 m resolution.
Introduction
Natural cork is acquired from the Cork Oak (Quercus suber) predominately in Portugal and other countries surrounding the Mediterranean Sea. It is utilized in a variety of products including cork stoppers for wine and other beverages. As an enclosure for liquids, it has the desirable properties of being impermeable to liquids and gases, as well as compressible. The quality of cork enclosures is determined by the presence and size of defects, voids, or cracks. Methods of nondestructive evaluation (NDE) of corks include visible inspection of visible cracks and defects either by human experts or camera systems [1] , chemical analysis (including cork soaks) for the presence of trichloroanisole (TCA) [2] [3] [4] , and x-ray tomography [5] .
In this paper, we examine the prospects of using terahertz (THz) and millimeter wave (MMW) spectroscopy and imaging as a NDE tool of natural cork enclosures. The potential of THz spectroscopy and imaging for NDE of materials such as space shuttle foam [6, 7] , moisture content in grain [8, 9] and leaves [10, 11] , wood [12] , pharmaceuticals [13] , liquids [14] , and explosives [15, 16] is well documented. The key attribute of THz non-NDE is the ability of THz radiation to propagate through paper, plastic, and other nonmetallic containers. In the case of natural cork, the large volume of gases and relatively low humidity ͑ϳ7%͒ enclosed by the cork cells enables the material to be compressible, yet exhibit fairly high THz transmission.
The interaction of THz radiation with materials depends in part on the material's phase: solid, liquid, or gas [17] . For gas-phase molecules, rotational and vibrational states typically occupy the THz region. Molecules that are polar, such as water vapor, exhibit many spectral lines due to their strong interaction with the THz electric field. Nonpolar molecules interact very little and are therefore transparent. For liquids, the rotational and vibrational excitations are strongly damped by the proximity of neighboring molecules. They are highly absorbing over a broad range of THz frequencies, thus generally yielding broad and continuum THz spectra. The Debye model seems to describe the THz experimental data of pure liquids very well and describes binary liquids fairly well with some modifications [18] . This model assumes that the molecule exhibits diffusionlike rotational motion characterized by a reorientational time constant . In the case of intermolecular dynamics occurring on different time scales, multi-Debye fits may be used [18] . As described in our previous work, the THz absorption spectra of some crystalline solids such as trichloroanisole (TCA) [19] results from an internal rotor. The rotors correspond to rotation about various axes in the molecule. In the case of TCA, one axis corresponds to the COO bond where the hydrogens are effectively circling resulting in a symmetric three-fold barrier, while the other is the CH 3 O-C-benzene axis. The absorption in other crystals such as cyclotrimethylene trinitramine (RDX) [20] results from large-scale vibrational motion of the crystal structure.
The compound 2,4,6-TCA may participate in contamination of many foods and beverages, e.g., the muddy flavor in drinking water [21, 22] , sake, rice [23] , and raisins [24] . 2,4,6-TCA is also thought to be the main compound responsible for cork taint in wine [25, 26] . Also, 2,4,6-TCA has been recognized as an important indoor pollutant for its musty odors [27] . A small amount of 2,4,6-TCA can badly contaminate foods, beverages, and the environment. The consumer rejection threshold (CRT) of wine, for example, is 3.1 parts per 10 12 (ppt) [28] , while the perceptible indoor air pollutant concentration is in the range of 5-10 ppt [27] . In our studies using THz time-domain spectroscopy (THz-TDS), we identified several spectral peaks in the absorbance spectra of 2,3,4-TCA, 2,4,6-TCA, and 2,5,6-TCA over the frequency range from 0.1 to 2 THz. Significant peaks were observed at 0.6, 0.95, and 1.2 THz for 2,4,6-TCA, 0.7 THz for 2,3,4-TCA, and 0.92 THz for 2,3,6-TCA. The observed absorption coefficients for TCA are not sufficiently strong enough to enable direct detection of TCA in cork enclosures at the sensitivity levels required for the CRT of 3.1 ppt.
In this paper, we detail the interaction of THz͞ MMW radiation with cork and emphasize the use of THz͞MMW imaging and spectroscopy for a NDE of cork quality. Since the cork cells contain mostly gas, they are fairly transparent to THz radiation particularly in the MMW and low frequency THz range. Position dependent scattering of radiation allows one to image voids and defects in the internal structure. In Section 2, the sample preparation and experimental setup is detailed. Results, THz images, and analysis are described in Section 3. Comparison of THz, visible inspection, and x-ray tomography are compared in Section 4. Conclusions of this work are summarized in Section 5.
Experimental Setup
Natural cork samples are acquired from a variety of bottled wine varietals. Samples are dried in ambient air for several days. Samples roughly 4 mm thick were cut from the end of the cork that was not in contact with the wine. As a control, samples of cork that had not been used in the bottling process are also tested.
A T-Ray 2000 spectroscopy system (Picometrix, Inc.) is used in the transmission mode to measure the THz time-domain waveform. Details of the THz timedomain method may be found in [29] . A pair of silicon lenses (3 in. focal length) focuses the THz radiation to a spot at which the sample is placed. The imaging system consists of a pair of computer controlled linear translation stages (1 m resolution). The THz images are acquired by recording the THz transmitted pulse at each sample position. Typical THz time-domain waveforms are shown in Fig. 1 . Spectral information as a function of frequency, both phase and amplitude, is acquired through a Fourier transform of the timedomain data.
As shown in Fig. 1 , the slight time shift in the arrival of the peak of the pulse is indicative of the cork's real index of refraction. Typical values are between 1.07 and 1.1. In examining the magnitude of the THz electric field as a function of frequency, it is clear from the reference data that the THz amplitude approaches the noise limit of the THz system at approximately 2 THz. After passing through the cork sample, data beyond ϳ0.95 THz is in the noise for this particular sample location. For the spectroscopic data presented in this paper, only data within the signal to noise of the system are plotted for clarity.
THz images are formed by measuring the full timedomain waveform within an 80 ps time window. The sample is mechanically scanned in two directions at the focal point of the THz to generate an image one pixel at a time. Typical step sizes are 100-500 m.
Results and Discussion
There are many methods for analyzing the THz waveforms and generating a THz image. For example, one can measure the total transmitted THz power, the transmitted power within a given frequency interval, the change in the arrival time of the THz pulse, etc. At each pixel in the THz image, the THz phase and amplitude is normalized to the phase and amplitude of the reference waveform. Figure 2 shows the corresponding absorbance
at one pixel, where T͑͒ is the frequency dependent transmission referenced to a THz spectra with the sample removed. |E s | and |E r | are the magnitudes of the THz electric fields for the sample and reference, respectfully. L is the thickness of the sample, and is defined as the attenuation coefficient. 
where s and r are the Fourier transformed frequency dependent phases of the sample and reference waveforms, respectfully, c is the speed of light, L is the thickness of the sample, and v is the frequency. Note that the real index of refraction is essentially constant over the measured range. The visible and typical THz images of cork samples are shown in Figs. 3-5. The THz images are formed by calculating the average transmitted power in the 0.9-1.0 THz frequency band. The sample holder, which is made of aluminum, appears dark in the image since it blocks THz radiation. The sample is oriented so that the grain structure of the cork lies roughly parallel to the bottom of the page.
In comparing the visible and THz images, it is clear that the THz image shows the presence of the cork grain as well as the presence of defects and voids. In examining only the front visible image, one would be led to the false assumption that the cork sample of Fig. 3 is fairly uniform with only one large crack in the middle of the sample and a smaller one in the lower left corner. Likewise, in examining the front visible image of Fig. 4 one would be led to the false conclusion that the cork is defect free. However, the THz image shows the presence of three major cracks͞ voids in the first 4.35 mm of cork. Since the THz transmits through the cork and enables one to nondestructively evaluate the interior structure, the THz image shows the presence of a larger number of cracks and voids that would nominally be invisible if one were to simply visibly inspect the cork surfaces. Figure 6 shows THz transmission images of the same cork in 0.1 THz bandwidths. The frequency range is 0.1-0.2 THz for the top left image and 0.9-1.0 THz for the bottom right image. As the THz frequency increases, the spatial resolution improves. This is expected since one would expect the spatial resolution to degrade with increasing THz wavelength (decreasing THz frequency) due to diffractive effects. It is also interesting to note that the contrast of the image appears to change as a function of frequency. For example, while all of the vertical cracks are visible in the 0.9-1.0 THz image, portions of those cracks are missing in the 0.5-0.6 THz images. Moreover, fairly high transmission regions, particu- larly in the upper left quarter of the sample, are prevalent in the THz images below 0.7 THz but are absent for THz images above 0.7 THz. As discussed below, the THz radiation interacts differently with the cracks, voids, and grains creating the contrast in the THz images.
To understand the differences in the darker features of Figs. 3 and 6 , we examined the spectral shape of the absorbance at various positions of the sample. The presence of the large voids and cracks are characterized by spectral peaks in the absorbance as illustrated in Fig. 7 . While the location of the spectral peak may vary between 0.3 and 0.5 THz at different positions of the cracks͞void, the peak is always present. For the edge of the cork, the peak position varies between 0.4 and 0.6 THz depending on the location. We suspect that the absorbance peaks of Fig. 7 are an artifact of enhanced scattering of the THz radiation by the presence of boundaries or cracks͞voids.
In examining locations on the sample for which there are no edges or voids or cracks, one observes in the THz images the presence of dark and clear bands parallel to the direction of the grain structure. The absorbance spectra at these locations typically do not exhibit any spectral peaks but rather an increasing absorbance with frequency that may be fit to a power law dependence,
where A͑͒ is the frequency dependent absorbance, is the THz frequency, and C, B, and m are fit parameters. Within the same dark or light band, there is some variation in the extracted parameters, but the spectral shape of the absorbance is consistent within the same dark or light band.
To gauge the range of extracted parameters, the THz absorption spectra are analyzed for different light and dark grains. Table 1 summarizes the data for several different corks. The average and uncertainty of the values for the C or m coefficients are determined by the average and standard deviation for the set of ten measurements on each cork sample. In comparing grains from the same cork, both the C and m coefficients increase from light to dark grains. This increase is indicative of enhanced THz scattering in the dark grains.
THz images can also be generated based on the time delay in the arrival of the THz pulse or analogously the frequency dependent phase of the THz wave. While time-delay and phase THz images (not shown) show the presence of similar structures as the THz amplitude images, the contrast is considerably degraded. Since the arrival time is determined by the optical path length (i.e., the product of the real index of refraction and the physical thickness of the sample), one would expect the contrast in a time delay or phase image to be a result of either local variations in the thickness of the sample or variations in the real index of refraction. From THz phase images, we estimate that change in the optical path length between light and dark grains to be approximately 30 m. In comparison, the size of a cork cell is approximately 36-50 m. The fact that the time delay of the THz pulse through the sample is essentially independent of position further suggests that the contrast in the amplitude images is essentially due to scattering rather than an intrinsic absorption.
Since the size of the cork cells ͑ϳ36-50 m͒ are approaching the wavelength of the THz radiation (1 THz corresponds to a 300 m wavelength) as the THz frequency increases, this suggests that the frequency dependent absorbance can be modeled with Mie scattering theory for regions of the cork, which are free of defects and voids. Our earlier work [15, 30] on THz scattering and attenuation through powders showed that the THz absorbance by small particles can be modeled by Mie scattering theory. In particular, in the weakly scattering limit, Mie scattering produces a power law frequency dependent absorbance.
If the sample is assumed to consist of spherical scatterers [30] , the attenuation coefficient [ in Eq.
(1)] in Mie theory takes on the following form:
where N is the number of scattering centers per unit volume, c is the speed of light, and a m and b m are the coefficients in the infinite summation such that
Here j m ͑z͒ and h m ͑2͒ ͑z͒ are spherical Bessel functions of the first kind and third kind, respectively, when z can be either x ϭ 2r͞c or y ϭ 2nr͞c, r is the radius of the spherical grain, and n is the frequency independent refractive index.
In applying this model to natural cork, we note that several approximations are assumed. For example, cork cells are not spherical, but rectangularly shaped. Moreover, the cork cell itself is not homogeneous, but rather a cell wall surrounding trapped gases. For the purposes of this simple model, we assume that the cork cell is uniform with a real index of refraction given by the THz spectroscopy measurements ͑ϳ1.07-1.1͒.
Using a microscope to inspect the cork cells, we note that the cells are roughly 36 m in size, and exhibit a regular rectangularlike shape that is typical of cork cells. Using the Mie scattering model of Eqs. (4) and (5), we estimate the frequency dependence of the absorbance for particles with index of refraction 1.07, sample thickness 4.4 mm, and particle sizes of r ϭ 18 m corresponding roughly to the size of the cork cell. N, the number of particles per unit volume, is estimated based on the volume of a cork cell to be N ϳ 2 ϫ 10
13
. The estimated absorbance is shown in Fig. 8 . Fitting these curves to a power law dependence yields fitting parameters from Eq. (3) of C ϭ 1.837, m ϭ 1.91 for 18 m particles. We note that these parameters are comparable to the parameters extracted from the THz absorbance data for Fig. 3 .
To understand the origin of the contrast in dark and light THz grains, one needs to consider possible changes in the cell structure or density that could modify the efficiency of scattering. Typically during the spring, cork trees are growing more rapidly (spring wood), and the cork cells are larger. In comparison, the new cells that are formed during the summer growth are smaller (summer wood) and more densely packed. Moreover, as the tree grows radially and the diameter of the tree expands, the regular pattern of cells cannot be maintained. Consequently, a disruption in the regularity of the cell structure occurs leading to cracks, voids, or a change in grain structure. Either an increase in cell size or disruption in the grain structure could lead to increased THz scattering and explain the observed contrast in the THz images.
Comparison of Natural Cork Nondestructive Evaluation Methods
In comparing THz imaging and spectroscopy as a nondestructive evaluation method of corks with the established methods of visible inspection of visible cracks and defects by human experts͞camera systems [1] and x-ray tomography [5] , it is clear that THz imaging has much of the same capabilities as well as some unique features. While human experts and camera systems can only inspect the surface of the cork, both THz imaging and x-ray tomography enable evaluation of the internal structure of the cork as well as the surface structure. The spatial resolution of the camera system reported in [1] images the end of a cork with approximately 90 ϫ 90 pixels. The THz images of the end of the cork are roughly 45 ϫ 45 pixels corresponding to 0.5 mm spatial resolution. The maximum resolution is determined by the step size of each pixel as well as the THz frequency. Since the spatial resolution of a free-space optical system is typically limited by diffractive effects to be on the order of the wavelength of light, one would expect that the resolution limit of 1 THz radiation would be on the order of 300 m. Therefore, halving the pixel step size to 250 m in the THz images would give approximately the same spatial resolution as the visible images of [1] but with the added advantage of probing the interior structure of the cork.
As described in [5] , an x-ray transmission geometry does not produce good contrast x-ray images. The poor contrast results from the fact that the interaction between the x rays and cork is very weak so that there is very little loss of x-ray power going in through the natural cork cells and the voids. This is in contrast with the THz transmission imaging method for which there is a strong interaction between the THz radiation and the cork cell structure due to Mie scattering: the size of the cork cells is comparable to the wavelength of the probing radiation. THz radiation, as compared to x rays, is more efficiently scattered by the cells and voids implying that THz imaging is a much more sensitive method for imaging the internal structure of the cork.
The x-ray tomography technique of [5] measures scattered x rays by placing the x-ray receiver approximately perpendicular to the incoming direction of the probing x rays. Regions of high electron density more efficiently scatter the x rays resulting in contrast between the cork and voids. (It should be noted that THz tomography [31] [32] [33] has also been used to reconstruct 3D images of objects.) The x-ray beam is collimated to a diameter of roughly 1 mm and passed through the sample. Since the spatial resolution of the x-ray method will be limited to roughly 1 mm (as determined by the diameter of the probing x-ray beam), the spatial resolution of the THz system is inherently superior to that described in [5] . Moreover, a two-dimensional (2D) linear scan as well as a rotational scan is required to reconstruct the x-ray tomography images. Since THz radiation interacts much more strongly with the cork cell structure through Mie scattering, a simple transmission image requires only a 2D linear scan.
The contrast between mature cork and green cork (higher concentration of water or cytoplasmic liquid) is readily observable with the x-ray tomography method. THz transmission imaging, as well, should be able to distinguish mature from green cork. Since water and liquids in general highly reflect THz radiation, green cork should efficiently reflect͞attenuate THz radiation compared to mature cork.
Conclusion
THz spectroscopy and imaging is applied to nondestructive evaluation of natural cork. Using a timedomain THz spectroscopy and imaging system, THz transmission images are generated in the 0.1-2 THz range. The presence of voids, cracks, and defects in the cork are evident in the THz image due to enhanced scattering of THz radiation. Furthermore, the cork's grain structure can be imaged. Analysis of the spectral properties of the cork shows that the THz absorbance can be modeled by a power law. A simple application of Mie scattering in the low scattering region qualitatively fits the observed spectral properties. The contrast in the THz transmission through different grains is likely due to variations in the cell structure that occur during the seasonal growth of the cork tree.
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